The present study proposes a diagnosis methodology for internal combustion engines (I.C.E.) working conditions, by means of non invasive measurements on the cylinder head, such as acoustic and vibration, related to the internal indicated mean effective pressure. The experimental campaign was carried out on the internal combustion engine of the cogeneration plant at the Faculty of Engineering -University of Perugia (Italy), for different values of the engine load. Results show that both the vibration and acoustic signals measured on the cylinder head are strictly related to the phenomena inside the cylinder, depending on the engine load and the combustion frequency. Some vibration and acoustic indexes were introduced, in order to evaluate the working regimen of the engine. Their values, obtained for different engine loads, constitute the reference values; when the methodology was implemented , the evaluation of such indexes allows to estimate the combustion quality, comparing measured and reference values.
Introduction
The condition monitoring of diesel engines has been the aim of many research approaches. Most of them are based on the acquisition of signals, which can be the cylinder pressure, the engine vibration, the crankshaft acceleration. The processing of the acquired signals and the comparison with threshold values allows to discriminate between regular and faulty engine running condition [1] .
Among these approaches, vibration and acoustic measurements offer a great potential due over all to the non -intrusive nature of the measurements. The sound generation of a diesel engine can be modelled based upon the combustion process, and time -frequency analysis can be used to reveal the underlying characteristics of the sound waves [2, 3] .
The aim of the present paper is to develop a diagnosis methodology for internal combustion engines (I.C.E.) quality, by evaluating macroscopic working parameters measured with non invasive instruments [4] . The study was carried out considering the internal combustion engine of the cogeneration plant at the Faculty of Engineering -University of Perugia (Italy).
Measurements were carried out considering both Caterpillar CAT G3516 LETA, working until September 2004, and a new unit, CAT G3516B, substituting the former due to serious failure.
The diagnosis methodology is based on the characterization of the working conditions by means of acoustics and vibrations measurements and relating data to the indicated mean effective pressure inside the cylinder. Some indexes were introduced, in order to evaluate the working regimen of the engine. The mean indicated cycle and the intake and exhaust valve lift law of CAT G3516 LETA for different values of the produced electric power were related to the vibration measurements on the cylinder head and, for CAT G3516B, to the acoustic pressure levels in a close frequency band. Some parameters were proposed, in order to relate data to the indicated mean effective pressure in the monitored cylinder, which indicates the working state of the engine. A reliable methodology to evaluate the internal combustion engines quality was finally developed.
The Faculty of Engineering Cogeneration Plant -University of Perugia
The experimental activity was carried out on the I.C.E. of the cogeneration plant installed at the Faculty of Engineering (University of Perugia, Italy).
Measurements were carried out both on the Caterpillar CAT G3516 LETA Engine and the new unit, CAT G3516B LE, installed for substituting the first one for serious failure.
Both engines CAT G3516B LE and CAT G3516 LETA have 16 cylinders V disposed and are characterized by costant low rotation velocity (1,500 r.p.m.), natural gas fuelling, controlled ignition, turbocharging with aftercooling. The main characteristics of both engines are listed in Table 1 .
A heat recovery, both in winter and summer, is carried out for the Faculty air conditioning plant; heat is recovered at high (exhaust gases) and low (engine cooling) temperature. In summer the recovered heat is employed in a Water -Lithium Bromide absorption chiller (thermal power 2MW t ). The electric energy, produced by the engine working at a constant load of 950 kW (just a little below than the maximum value), is used to satisfy the Faculty demand. The exceeding part is sold to the National Electric Grid, while electric energy is taken when the engine is not working. The electric energy exchange is regulated by means of suitable contracts. Fig. 1 shows a scheme of the plant: the three-way valve (5) sets the water flow rate for the engine cooling and the parallel auxiliary circuit, according to the temperature of the engine cooling fluid; if higher than 85 °C, part of the flow rate is sent to the auxiliary heat exchanger (1) where it is cooled by the water from the evaporative tower (2) . The on-off three -way servocontrol valve (9) sends gases from the turbocharging turbines directly to the exhaust and to the high temperature shell and tube heat exchanger (8) , in order to guarantee the temperature variation of the hot water.
In the scheme of fig.1 the auxiliary chillers and boilers, utilized in the case of heat recovering not present or insufficient, are not indicated. Also the flow rate circulating in winter conditions for the user is not present; it is controlled by a three -way valve proportional to the water temperature at delivery.
Indicated cycle survey as a function of engine operation regime and main parameters evaluation

Instrumentation and measurement methodology
The engine indicated cycle represents the thermodynamic cycle followed by a working fluid in the engine combustion chamber; it could be experimentally obtained using a pressure sensor pointed out in the combustion chamber.
The preliminary work involved an experimental acquisition of the intake and exhaust valves lift law. To this aim, taking as reference the fly-wheel at the engine head, it was possible to relate the lift of the intake and exhaust valves to the crankshaft angle. Figure 2 shows the obtained cams profiles on CAT G3516 LETA engine.
The employed equipment was composed by:
-Tektronix TDS 420 A oscilloscope;
-magnetic pick-up;
-Kistler Type 6055BB Pressure sensor (piezoelectric sensor, sensitivity 20 pC/bar, maximum measurement temperature 400°C), characterized by an accuracy <= ±0.5% of the full scale value and a calibrated range of 0-100 bar.
The pressure sensor was placed in correspondence of the monitored cylinder top dead centre (TDC); a magnetic pick-up was positioned on the damped wheel even in correspondence of the TDC, in order to associate to each pressure value measurement the corresponding crank angle value (and also the value of the combustion chamber volume). Moreover, a further pick -up was placed in correspondence of the flywheel at the engine head.
Signals surveyed from the two magnetic picks-up and from the pressure sensor were acquired by the oscilloscope, with a 25 kHz sampling frequency and a wave shape of 30,000 points, corresponding to a total sampling time of 1.2 s.
Tests were carried out on CAT G3516 LETA in three different load settings:
-650 kW;
-450 kW;
-Without load (min.).
Measurements results
Considering 1,500 rpm speed engine and a sampling time of 1.2 s, 15 engine cycles and consequently 30 passages to the TDC were acquired.
The pressure sensor takes the pressure difference, so measured data must be corrected considering the absolute pressure relative to the engine inlet manifold. This value (Tab. 2, col. 2) was acquired for all the different load settings of the test, using the Caterpillar DDT diagnostic module, that allows to read the engine pressure sensor placed on the inlet manifold.
The indicated cycle describes the pressure variation inside the combustion chamber as a function of the variation of the chamber volume; therefore the pressure trend must be related to the combustion chamber volume as a function of the crankshaft angle, by means of the following equation [5] .
where:
-V c is the unitary displacement; -r is the compression ratio; -is the ratio between connecting rod length and crank radius;
-is the crankshaft angle.
The mean indicated cycle relative to the tested load settings was evaluated according to the described methodology; results are illustrated in figure 3.
The indicated mean effective pressure (IMEP) is the pressure value applied constantly on the pistons during the only expansion phase; it yields the work produced by a complete engine cycle.
The IMEP could be consequently calculated as the ratio between the indicated work produced per mean indicated cycle and the displacement [5] :
-V tot is the total displacement; -W i is the indicated work produced per engine cycle.
The indicated work associated to one cylinder could be calculated starting from the mean indicated cycle by integrating the infinitesimal work in all the cycle. In Tab. 2, col. 3, the IMEP values are summarized at the load variation.
Measurement of the cylinder head vibration conditions, varying engine operation regime
Instrumentation and measurement methodology
The correlation between vibration measurements acquired by an accelerometer placed on the cylinders head and engine fundamental parameters, such as cam profiles and inside cylinder pressure, is interesting to analyze the operational condition of internal combustion engine for diagnostic purposes.
To such aim, the necessary data were acquired at the same time. In particular vibration measurements were carried out by employing PCB Piezotronics 353B17 accelerometers (sensitivity 1.02 mV, measurement step ± 4,905 m/s 2 pk) and a signal conditioner PCB 442C04, as showed in figure 4.
Accelerometers were placed at 4 points on engine head upper surface; inside the same cylinder the indicated cycle was acquired. Vibration measurements, carried out following the same sampling parameters previously described, were performed on CAT G3516 LETA engine in correspondence of three load settings: 650 kW, 450 kW, minimum load and on engine CAT G3516B at 950 kW. Figure 5 shows the vibration signal state as a function of the crankshaft angle, varying load conditions. Superimposing the vibration signals obtained from CAT G3516 LETA for the three load settings, it can be noted that they are strongly related to the operation engine and in particular to the inside cylinder pressure. In fact there are greater vibration signal peaks as load increases .
Results of measurements. Definition and evaluation of characteristic indices
Then it can be asserted that vibration signal acquired on the engine cylinder head is a good indicator of the combustion phenomena being in an I.C.E., and in particular of the pressure signal characteristic of the indicated cycle at the different loads.
Subsequently the acquired vibration signals were elaborated in frequency through the Fourier discrete transform, DFT ( fig. 6 ). The amplitude value trend (expressed in Volt rms), at the frequency variation, strongly decreases with increase in frequency; in the three load settings the most part of signal energy is in the frequency range within 2,000 Hz, to confirm that mechanical solicitations, that occur mostly at low frequencies, represent the main part of the force globally transmitted at the cylinder head. Figure 7 shows DFT of vibration signal acquired on CAT G3516 LETA; it can be noted that the signal presents a fundamental frequency at 12.5 Hz, corresponding to the combustion frequency.
Vibration measurements on Caterpillar CAT G3516B were executed only at 950 kW load.
The agreement between cylinder head state of vibration of CAT G3516 LETA and G3516B engine is shown in fig. 7 , where the vibration signal is plotted in the frequency domain. The comparison of the DFT trend of the cylinder head vibration signal between CAT G3516 LETA and CAT G3516B shows load influences on the vibration transmitted to the structure; vibration value measured on the new engine at the load of 950 kW is constantly higher than the value measured on the I.C.E. previously installed.
It is therefore suitable to find vibration signal characteristic parameters; with such aim in mind the RMS value, or vibration effective value, supplies a good indication of its intensity [5] , in fact: The parameter suitability and all hypotheses previously assumed are demonstrated for CAT G3516B operating at 950 kW by a value higher than the one realtive to CAT G3516 LETA at the load of 650 kW.
This parameter verifies once again the correlation between inside cylinder pressure and vibration acquired on the cylinder head, and allows to link results obtained for CAT G3516 LETA engine with CAT G3516B.
Acoustic pressure level observation near a cylinder
Experimental apparatus and measurement methodology
Acoustic pressure measurements were carried out near the investigated cylinder, in order to obtain an acoustic characterization of the combustion inside it [6, 7, 8] .
The experimental apparatus was constituted by: Figure 8 shows the acoustic pressure trend in the frequency domain, for the load configuration of 950 kW and 650 kW. The measured acoustic pressure also depends on the load, values at 950 kW load are always higher than the ones at 650 kW. Such as in vibration measurements, the signal peaks correspond to the combustion harmonic frequency (12.5 Hz). The very high value of the recorded signal at 950 kW near the 112.5 Hz frequency is probably caused by the room second resonance frequency (115 Hz) contribution, calculated according to the engine room dimensions.
Experimental results. Typical index definition and its evaluation
In the frequency domain, for acoustic signal so as for the vibration one, the mean of the peaks related to the first 100 harmonics of the combustion basic frequency were evaluated; the index was named I fa (Table 4 ). Figure 9 shows the vibration trends recorded on the cylinder of CAT G3516 LETA engine and the valves lift law calculated with the methodology explained in the first paragraph; it is possible to remark that the valve opening and closing contribute to the vibration generation. The pressure variation in the intake duct at the moment of the valve opening, together with the impact due to the valve closing, contributes highly to the cylinder vibration. These vibrations are superimposed to the ones generated by the pressure variation due to combustion, so that the generated global signal depends only on the internal cylinder pressure. The variation on the vibration signal, recorded in correspondence of the valve opening and closing, is more evident if its inverse value is calculated, as shown in figure 10 . The DFT value is visualized through a chromatic scale and it is possible to analyze the DFT amplitude variation with frequency . For example, figure 11 shows the CAT G3516 LETA engine spectrograph at the 450 kW load (red corresponds to the signal amplitude peacks) together with the valves lift law; to calculate the DFT, a Hanning window with 56 samples width was considered. Figure 11 shows a correlation between the signal value in terms of its amplitude and the position of the valves, which cause a vibration peak at each opening and closing phase. Moreover the energy distribution is prevalent in low -frequency. From the values in table 3 it is possible to note that both the characteristic parameters of the vibration signal (RMS, I fv ) depend on the I.C.E. load. Moreover comparable reductions of such parameters take place at the load decrement.
Comparison between the experimental results and the proposed diagnostic methodology validation
Correlation between inside cylinder pressure (IMEP) and vibration cylinder state (RMS, I fv )
Finally, as remarked in the time signal analysis, also in the frequency domain there is a load dependence. In fact as the load increases, the DFT amplitude increases in correspondence of the basic frequency and its harmonics. So the vibration phenomenon in the cylinder upper area is proportional to the internal pressure and it depends on the I.C.E. load. From the recorded values it is possible to obtain the cylinder internal pressure trend or, more easily, the correspondence IMEP using as input data the vibration intensity; this is possible because there is a correlation between the IMEP and the RMS vibration value, as shown in table 5. In the time domain the signal analysis gives a good tool to evaluate, at a fixed load, the engine operation conditions and the combustion quality through the comparison between measured RMS values and the reference ones.
Correlation between the single cylinder vibrational state and the single cylinder pressure level
A comparison between vibration and acoustic power in the same frequency range was carried out in the 950 kW configuration load ( fig. 12) . Values of I f and of its percentage variation for CAT G3526B at 950 and 650 kW load, calculated for both vibration and pressure level, are reported in tab. 6; the percentage variation has approximately the same values, due to a strict correlation between the two parameters.
Results show that the combustion quality could be evaluated without distinction from RMS, Ifv or Ifa values; they are in fact all related to the indicated mean effective pressure inside the cylinder.
Diagnostic methodology
Pressure or vibration signals could be employed without distinction to detect phenomena in the combustion chamber. If I f , calculated from acoustic or vibration measurements, is not congruent with a correct engine functioning, an irregular combustion and a consequent anomalous value of the IMEP are possible.
This methodology could point out misfire and elastic band seal problems. Misfire, as an example, produces a shift of the fundamental frequency of the combustion, with a consequent lower value of the index, while if seal problems occur in a cylinder, the corresponding IMEP diminishes and with it also RMS and I fv values.
Conclusions
Monitoring working conditions and combustion quality in an internal combustion engine often requires intrusive techniques. Therefore the study of alternative diagnosis methodologies is desirable; in the present research a non intrusive methodology is proposed, based on vibration and pressure level measurements on the cylinder heads. Both signals are strictly related to the phenomena inside the cylinder, depending on the combustion frequency.
In the analysed internal combustion engines, at a constant rotation velocity (1,500 r.p.m.), a strict correlation among these parameters and the indicated mean effective pressure inside the cylinder was found.
Both vibration and pressure level signals were characterized by the internal load of the cylinder and by the combustion frequency (12.5 Hz).
In order to develop a valid methodology based on these signals, a graphic analysis was carried out; it showed that the signals amplitude is maximum at frequencies lower than 2 kHz; this is therefore the useful range for the development of alternative diagnosis methodologies. Vibration and acoustic pressure levels could be employed without distinction: in particular, if the I f value (calculated indifferently from vibration or pressure level measurements) is not congruent with the reference one, the combustion inside the cylinder in which measurement is carried out could be irregular, with a consequent anomalous value of the IMEP inside the same cylinder; it could happen when misfire or elastic band seal problems occur.
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